First recognised as a disease in 1981 ([@B1]), HIV-infection and acquired immunodeficiency syndrome (HIV/AIDS) is a global epidemic. Data from The Joint United Nations Programme on HIV/AIDS (UNAIDS) shows that HIV-infection currently affects ≈36.7 million people worldwide and has caused 35 million deaths ([@B2]). HIV-infection was initially a rapidly fatal condition due to virus-induced immunosuppression and opportunistic infections. Since the introduction of combined anti-retroviral therapy (cART) in the mid-1990s, the narrative of the natural history of HIV-infection has been re-written: effective virological suppression has dramatically improved prognosis and survival evidenced by declining rates of AIDS-related deaths ([@B2]). In nations where cART is readily accessible, HIV-infection is now commonly considered a chronic, treatable illness with life expectancy approaching that of the general population ([@B3], [@B4]).

Paradigm shifts in cart-initiation in the history of HIV-infection {#s1}
==================================================================

Recently, global efforts have focussed on increasing access to and early initiation of cART to prevent AIDS-related deaths and HIV transmission ([@B5], [@B6]). Over the last 10 years, the World Health Organisation (WHO) has recommended earlier cART-initiation based on CD4^+^ T-lymphocyte counts falling below progressively higher thresholds: ≤200 cells/μL in 2006 ([@B7]), ≤350 cells/μL in 2009 ([@B8]), and ≤500 cells/μL in 2013 ([@B9]). Global strategies to eradicate HIV transmission led the WHO in 2015 to recommend cART-initiation at HIV diagnosis regardless of CD4^+^ T-lymphocyte counts ([@B5]). Further, UNAIDS launched the "90-90-90" targets in 2014 aiming to end the AIDS epidemic by 2030: 90% of people living with HIV-infection knowing their status, 90% receiving sustained cART and 90% of cART-recipients achieving viral suppression by 2020 ([@B6]). It is estimated that if these targets are met by 2020, the number of cART-recipients worldwide would increase from 20.9 million ([@B2]) to ≈30 million ([@B10], [@B11]).

The metabolic complications of rising adiposity trends in HIV treatment {#s2}
=======================================================================

The enthusiasm over the improvement in HIV-associated mortality following the introduction of cART has, however, been partly diluted with concerns of cART-associated metabolic complications, including hyperlipidaemia, insulin resistance, and lipodystrophy, which accelerate the onset of type 2 diabetes mellitus (diabetes) and atherothrombotic cardiovascular disease (CVD) ([@B12]--[@B14]). Lipodystrophy is characterised by peripheral subcutaneous lipoatrophy and central/abdominal lipohypertrophy ([@B12], [@B15]) and has been shown to increase risk of diabetes ([@B13]) and myocardial infarction ([@B14]) in HIV-treated populations. Whilst earlier cART medications such as nucleoside reverse transcriptase inhibitors (NRTIs) and first-generation protease inhibitors (PIs) were associated with the most clinically evident lipoatrophy and high rates of premature diabetes, longer-term data are lacking on the metabolic consequences of more modern regimens.

Distinguishing "*return to health*" weight gain from an obesity trajectory {#s3}
==========================================================================

In reviewing the studies that have reported weight gain following cART-initiation, it is important to distinguish weight gain as part of the "*return to health*" phenomenon from clinically undesirable and excessive weight gain or central fat accumulation that places an individual in the overweight and obese category (Figure [1](#F1){ref-type="fig"}). "*Return to health*" describes the desirable weight gain following resolution of debilitating catabolic infection or illness that restores body fat and protein stores. Earlier cART-initiation has led to fewer people with untreated HIV-infection experiencing the cachectic and wasted state that characterised early clinical experience ([@B16]). CART-induced suppression of viral replication and inflammation normalises resting energy expenditure and allows weight regain ([@B16]). Therefore, weight gain early after cART-initiation often represents effective viral suppression and CD4^+^ recovery ([@B17]) but also restoration of healthy pre-infection weight. However, most studies do not report pre-HIV-infection weight and therefore this important "true" individual baseline measure is lacking. Important data examining body composition changes following recovery from famine or severe catabolic (non-HIV) illness have shown that adipose tissue stores are preferentially restored, as part of the "*return to health*" ([@B18]). Robust studies of body composition changes following cART initiation in advanced HIV-infection are lacking, however. One controlled study in the early years of cART use found no changes in body composition between cART recipients over an unspecified time-period, compared to untreated controls with similar CD4 counts and viral load ([@B19]). An important distinction of this study was the healthy baseline BMI, indicating the absence of protracted catabolic infection.

![The intersection of the modern obesity epidemic and historical changes in HIV-infection prescription and timing and their contribution to weight gain and redistribution during HIV treatment.](fendo-09-00705-g0001){#F1}

Several early small-scale studies have highlighted that after cART-initiation, the degree of weight gain (including measures of abdominal and limb fat mass and lean body mass) is associated with markers of cART efficacy: greater virological suppression, CD4^+^ cell recovery and reduced resting energy expenditure ([@B16], [@B20]--[@B29]). More recent and large-scale cART-initiation studies consistently show that the greatest weight gain occurs in those initially underweight with indices of more advanced untreated HIV-infection: the lowest CD4^+^ counts and highest viral load. Pooled data on 760 women and 3,041 men from 3 randomised controlled trials (RCTs) in the United Stated (US) evaluating BMI change in the first 96 weeks after cART-initiation found that initially underweight patients had greatest mean BMI rise (2.53 kg/m^2^), compared to initially normal-weight (1.77 kg/m^2^), overweight (1.17 kg/m^2^) and obese participants (1.16 kg/m^2^) ([@B30]). The greatest BMI gain occurred in patients with lower baseline CD4^+^ counts and higher viral load ([@B30]), consistent with more advanced infection. An international 48-week study of 246 participants found that the underweight had median 14% increase in BMI (compared to 5% in normal- and overweight participants) and exhibited the greatest decrease in serum CRP levels for each 1.0 kg/m^2^ gain in BMI ([@B31]). A prospective 48-week study on 224 participants found that those with virological suppression at 16 weeks post-cART-initiation had greater median weight increase than those who did not (2.1 vs. 0.5 kg) ([@B32]). Out of the 143 participants who also had body composition studies, lower baseline CD4 cell counts (\< 200 cells/μL) and higher HIV viral load (≥10,000 copies/mL) were associated with modest increases in lean body mass of \>1.5 kg and total weight at 16 weeks ([@B32]). A recent 96-week study of 269 participants reported mean gains of 4.8 kg in weight, 1.5 kg/m^2^ in BMI and 1.4 kg in lean body mass after cART-initiation ([@B33]). Multivariate analyses found that lower baseline CD4^+^ cell counts and higher HIV viral load (again, markers of more advanced infection) were associated with greater gains in body weight, BMI and lean body mass ([@B33]). In considering all these studies, it is important to note that "*return to health*" weight gains were mostly modest.

Therefore, substantial evidence supports a phenomenon of "*return to health*" weight gain observed following cART-initiation. A limitation of all these studies is the lack of "true" baseline healthy weight measures, recognising that such measures were unfeasible or would need to rely on self-reported (and hence unreliable) data. This reset of body habitus equilibrium following effective treatment of a catabolic infection requires distinguishing from excessive weight gain and specific body fat partitioning disorders, such as lipodystrophy.

There is evidence, however, that the weight trajectory after cART initiation can exceed that of "*return to health*" (Figure [1](#F1){ref-type="fig"}) in studies reporting weight changes but in distinctly different circumstances: in populations where the global obesity epidemic has already impacted and where cART is initiated much earlier in the history of HIV-infection and its catabolic effects are either modest or absent. For example, in a Texan study of 1,214 participants who were predominantly Hispanic cART-recipients, a significant weight gain (defined as greater than a 3% annual BMI increase) was observed in 24% of the cohort ([@B28]). In the large North American AIDS Cohort Collaboration on Research and Design (NA-ACCORD) study (*n* = 14,084), participants had a modest weight increase after 1 year of cART (mean 1.4 kg), including a mean 5 kg weight gain in those initially underweight ([@B20]). However, in both cohorts, there appeared to be individuals susceptible to far greater weight gains, with 12--18% transitioning to overt obesity ([@B20], [@B28]). These studies are limited by their reliance on weight and BMI, both of which fail to measure differences in body fat and lean muscle mass and make no estimate of central obesity, a significant determinant of cardiometabolic health and risk. In considering the metabolic impact of weight gain, it is important to consider central obesity and the development and metabolic consequences of lipodystrophy which was associated with earlier cART regimens.

CART-RElated lipodystrophy, weight gain , and metabolic disturbances {#s4}
====================================================================

Several studies on North American cohorts have demonstrated that following cART-initiation, weight gain typically occurs in the first 1--2 years ([@B16], [@B20], [@B28], [@B29]) and plateaus over time ([@B20]). However, studies reporting post-cART weight gain which controlled for markers of HIV disease progression such as AIDS diagnosis, CD4^+^ counts and HIV viral RNA concentration, have shown conflicting results. Two related large-scale studies of people living with HIV-infection (one retrospective study of participants with mean 11 years duration of HIV-infection and another 20-year prospective study) failed to demonstrate an association between cART therapy and longitudinal weight gain ([@B21], [@B22]). In another study, 38 patients from the Nutrition For Life (NFL) cohort from the US were followed for a mean 12 months after initiating a PI-based cART regimen and experienced a mean increase in weight (1.54 kg) and BMI (0.50 kg/m^2^) ([@B25]). Lastly, in a large cohort of 9,321 individuals, PI-based regimens were associated with a significant rise in BMI 1-year after cART-initiation compared to non-NRTI (NNRTI)-based regimens, however this was predominantly modest weight gain within the healthy-weight BMI category ([@B34]).

Conflicting results based on measures such as BMI and weight could be explained by the association between lipodystrophy and use of early cART regimens (PIs and NRTIs such as stavudine and zidovudine, which are no longer recommended) ([@B35]). Studies have demonstrated different mechanisms that adversely affect adipocyte metabolism and viability. Both PIs and NRTIs inhibit DNA polymerase-γ leading to depletion of adipocyte mitochondrial DNA and hence mitochondrial toxicity ([@B36]--[@B39]). Depleted biologically active peripheral adipocytes are associated with increased circulating free fatty acids and selective uptake by and deposition in the visceral/central adipose tissue, leading to cART-associated central abdominal and dorsocervical obesity ([@B36]). PIs induce reduced expression of cytoplasmic retinoic acid-binding protein type 1 (CRABP1) in peripheral adipocytes, thereby increasing apoptosis and reducing proliferation or replacement of peripheral adipocytes. PIs also down-regulate peroxisomal proliferator-activator receptor γ (PPAR-γ), a nuclear transcription factor essential in adipocyte differentiation and function ([@B39]), thus promoting peripheral lipolysis and inhibition of peripheral lipogenesis ([@B37]). PIs have also been associated with impaired release of metabolically important adipokines, such as adiponectin ([@B36]), which regulates hepatic lipid metabolism genes involved in lipogenesis and cholesterol synthesis and transport, enhances skeletal muscle fatty acid oxidation and transport, and has anti-inflammatory and anti-oxidative properties ([@B40]). Serum adiponectin concentrations are inversely correlated with central abdominal obesity and metabolic syndrome in people living with HIV-infection ([@B41]--[@B43]).

More recent cART regimens appear to carry comparatively modest risk of lipodystrophy compared to earlier cART therapy, however detailed data are lacking and clinical observations may be obscured by the modern obesity epidemic. Studies have shown that the second-generation NRTI festinavir is 100 times less toxic to mitochondrial DNA polymerase-γ in adipose tissue compared to the older NRTI stavudine ([@B36]). A relatively newer class of antiretrovirals, the integrase inhibitors, appear to have a neutral or inferior effect: raltegravir has recently been shown to have no adverse effect on adipocyte differentiation and adipokine secretion, while elvitegravir induced less reduction in adipocyte expression of PPAR-γ, lipoprotein lipase and adiponectin, compared with efavirenz, a first-generation NRTI ([@B44]). However, a recent systematic review of limited available RCTs evaluating lipodystrophy risk with newer PIs (atazanavir and darunavir) and raltegravir showed neutral effects on peripheral lipoatrophy and conflicting effects on central lipohypertrophy ([@B45]). Furthermore, even the newer antiretrovirals such as integrase inhibitors and second-generation PIs and NNRTIs are reported to cause weight gain after controlling for markers of HIV disease activity and progression ([@B46]). Recent studies also showed modest BMI increases with use of additional newer antiretroviral agents, entry inhibitors maraviroc ([@B47]), and enfuvirtide ([@B48]), however did not control for severity or stage of HIV-infection. The "*return to health*" phenomenon in these studies of more modern antiretroviral agents ([@B46]--[@B48]) cannot be excluded.

Weight gain, cart, and the modern obesity trajectory: the obesogenic environment {#s5}
================================================================================

In reviewing the potential effects of cART initiation on weight, it is important to consider the impact of existing in the modern obesogenic environment. People living with treated HIV-infection today enjoy greater life expectancy and thus are more exposed to the obesogenic environment and accumulate age-related cardiometabolic risk factors ([@B3], [@B4]). For example, the metabolic syndrome (the clustering of central obesity, dyslipidaemia, hypertension and insulin resistance) occurs in 17--24% of people living with treated HIV and its prevalence increases with age ([@B49], [@B50]).

Relatively recent data show that people living with HIV-infection have rates of overweight and obesity similar to that observed in the uninfected population ([@B16], [@B20]--[@B22], [@B28], [@B51]). US data from 2000 onwards show high rates of overweight and obesity between 40 and 63% in people living with HIV-infection both pre-cART and on cART ([@B21], [@B22], [@B28], [@B51]), with no sparing of youth ([@B52]) and paralleling US obesity statistics in the general population ([@B21], [@B28], [@B51]). In contrast to earlier studies on cART initiation in the late Twentieth century where body habitus at HIV diagnosis was characterised by cachexia, recent US data ([@B16], [@B21]) show that 44--54% of people initiating cART are either overweight or obese, prompting authors to raise the question, "where did all the wasting go?" ([@B16]).

There are mixed modern data on the degree of weight gain after cART-initiation and prevalence of transition into deleterious categories of excess weight. One study reported that 20% of participants with normal baseline weight became overweight or obese at 24 months post cART-initiation ([@B16]). As further evidence of the "*return to health*" weight gain described above, low baseline CD4^+^ count (\<50 cells/μL) was a significant risk factor for BMI gain at 6- and 24-months ([@B16]). In contrast, the NA-ACCORD study of 14,084 participants reported pre-cART obesity at lower rates increasing from 9 to 18% between 1998 and 2010, however 22% transitioned from normal-weight to overweight and 18% from overweight to obese post cART-initiation ([@B20]). These pre-cART differences may be explained by differences in obesity determinants within the North American population, such as geography, ethnicity, education and socioeconomic status. For example, a majority Hispanic, Texan population observed between 2007 and 2010 had pre-cART prevalence of overweight and obesity of 59.6% (compared to 66.3% of the general southern Texan adult population) and 11.8% transitioned to obesity during follow-up ([@B28]).

These studies demonstrate the elevated and rising overweight and obesity rates in untreated and treated HIV-infection in well-resourced settings such as North America which has highly prevalent obesity rates. It is concerning that there is a lack of strategies or guidelines to prevent excessive weight gain in individuals initiating cART, particularly those already overweight or obese, to abrogate the weight gain that has been so frequently documented with cART.

Weight gain during HIV treatment: a double-edged sword? {#s6}
=======================================================

Weight gain and obesity are well-documented risk factors in the HIV-uninfected population for cardiometabolic conditions such as diabetes and CVD, in addition to premature mortality ([@B53]--[@B56]). Excess weight in cART-recipients may, however, be a double-edged sword. Overweight and obesity during HIV treatment increases the risk of developing diabetes ([@B13]) and CVD ([@B57]), however greater weight has also been associated with more effective virological suppression, higher CD4^+^ counts, slower disease progression and decreased mortality ([@B27], [@B58]--[@B65]). The question of how to best manage weight gain during HIV treatment is therefore challenging yet of great clinical relevance especially in the current climate of earlier and more prevalent cART-initiation, increasing overweight and obesity and growing burden of associated metabolic and cardiovascular disease in people living with HIV-infection. However, studies examining the effects of weight gain in HIV-infected cART-recipients on the risk of incident glucose disorders (pre-diabetes and diabetes), CVD and mortality are currently limited. The literature reporting the relationship between interval weight or adiposity gain during cART and the risk of incident glucose disorders, CVD and mortality, was therefore reviewed. Most reports are from well-resourced nations with early access to cART and with high rates of obesity, unless stated otherwise.

Three studies have highlighted that longitudinal increases in adiposity, whether measured by central adiposity ([@B66]), total weight ([@B67]), or BMI ([@B34]), increase the risk of incident diabetes. Only one study has specifically examined CVD risk and found BMI gain increased CVD risk, although the relationship was dependent on pre-treatment BMI ([@B34]). One study in a well-resourced setting ([@B17]) and three studies in resource-poor settings ([@B68]--[@B70]) showed short-term mortality benefits associated with weight gain during cART treatment, especially in those who were underweight or cachectic prior to cART-initiation. These studies are summarised in Table [1](#T1){ref-type="table"} and are examined in further detail below. A limitation of all but one ([@B67]) of these studies was the lack of weight variation measures in population controls.

###### 

Longitudinal observation studies reporting weight gain during chronic treatment of HIV-infection with incident outcomes of diabetes, cardiovascular disease, and mortality.

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Incident outcome**        **Author**                **N**    **Cohort**        **Cohort body weight at baseline**   **Weight variable**                     **Result**                                                                                                                                                                               **Obesogenic environment present**   **"*Return to health*" phenomenon present**
  --------------------------- ------------------------- -------- ----------------- ------------------------------------ --------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------ ---------------------------------------------
  Diabetes                    Herrin et al. ([@B67])    7,177    VACS              4.6%---underweight\                  Weight gain (kg)                        14% increased risk of diabetes for every 2.3 kg of weight gained in HIV-positive 8% in HIV-negative                                                                                      Yes                                  Yes
                                                                                   49.6%---normal-weight\                                                                                                                                                                                                                                                                                     
                                                                                   32.4%---overweight\                                                                                                                                                                                                                                                                                        
                                                                                   13.5%---obese                                                                                                                                                                                                                                                                                              

  Diabetes                    Achhra et al. ([@B34])    9,193    D:A:D             ≈ 6.1%---underweight\                BMI gain (kg/m^2^)                      12% increased risk of diabetes for every 1.0 kg/m^2^ of BMI gained 2.6-fold increased risk of diabetes with highest quartile BMI gain                                                    Yes                                  No
                                                                                   ≈ 64.3%---normal-weight\                                                                                                                                                                                                                                                                                   
                                                                                   ≈ 23.2%---overweight\                                                                                                                                                                                                                                                                                      
                                                                                   ≈ 6.3%---obese                                                                                                                                                                                                                                                                                             

  Diabetes and pre-diabetes   McMahon et al. ([@B66])   104      Australian        Mean 24.3 ± 2.6 kg/m^2^ (BMI)        Total body fat, abdominal fat (kg, %)   12-month (HR 2.65) and 2--4 year (HR 3.16) abdominal fat gain were independently associated with incident diabetes and pre-diabetes                                                      Yes                                  No

  CVD                         Achhra et al. ([@B34])    9,321    D:A:D             6.1%---underweight\                  BMI gain (kg/m^2^)                      18--20% increased risk of CVD for every 1.0 kg/m^2^ of BMI gained in initially normal-weight 10% reduced risk in initially underweight No change in risk in initially overweight-obese   Yes                                  No
                                                                                   64.3%---normal-weight\                                                                                                                                                                                                                                                                                     
                                                                                   23.2%---overweight\                                                                                                                                                                                                                                                                                        
                                                                                   6.3%---obese                                                                                                                                                                                                                                                                                               

  5-year mortality            Yuh et al. ([@B17])       4,311    VACS              5.7%---underweight\                  Weight gain (kg)                        Weight gain \>2.3 kg reduced 5-year mortality in those initially underweight or normal-weight                                                                                            Yes                                  Yes
                                                                                   51.6%---normal-weight\                                                                                                                                                                                                                                                                                     
                                                                                   30.2%---overweight\                                                                                                                                                                                                                                                                                        
                                                                                   12.5%---obese                                                                                                                                                                                                                                                                                              

  Early mortality             Madec et al. ([@B68])     5,069    Kenya, Cambodia   39.3%---underweight\                 Weight gain (%)                         Weight gain \>10% at 3- and 6-months reduced mortality in those initially underweight                                                                                                    No                                   Yes
                                                                                   18.9%−18.5--20 kg/m^2^\                                                                                                                                                                                                                                                                                    
                                                                                   35.1%---\>20 kg/m^2^                                                                                                                                                                                                                                                                                       

  Early mortality             Sudfeld et al. ([@B69])   3,389    Tanzania          27.3%---underweight\                 Total body weight gain (%)              Weight loss at 1-month increased mortality in all BMI categories especially in those initially underweight                                                                               No                                   Yes
                                                                                   57.8%---normal-weight\                                                                                                                                                                                                                                                                                     
                                                                                   14.9%---overweight-obese                                                                                                                                                                                                                                                                                   

  Early mortality             Koethe et al. ([@B70])    27,915   Zambia            29.5%---underweight\                 Total body weight gain (%, kg)          Weight gain ≥10 kg and ≥20% at 6-months in those initially underweight produced greatest survival benefit                                                                                No                                   Yes
                                                                                   70.5%---≥18.5 kg/m^2^                                                                                                                                                                                                                                                                                      
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

*HIV, human immunodeficiency virus; CVD, cardiovascular disease; BMI, body mass index; HR, hazard ratio. Underweight = BMI \< 18.5 kg/m^2^; Normal-weight = BMI 18.5-- \< 25.0 kg/m^2^; Overweight = BMI 25.0-- \< 30.0 kg/m^2^; Obese = BMI ≥ 30.0 kg/m^2^. VACS cohort = \>40,000 HIV-infected armed forces veterans from US Department of Veteran Affairs national databases, uniquely predominantly male African-Americans. D:A:D cohort = \>49,000 people living with HIV from US, Australia and European countries reflecting a modern cART-treated population from well-resourced countries. Obesogenic environment present: Suggested by highly prevalent overweight and obesity at baseline in people living with HIV, reflective of societal trends in the general population. 'Return to health\' phenomenon present: Indicated that the study cohort included participants with baseline features consistent with advanced catabolic disease*.

The impact of weight gain on diabetes risk in cart-recipients {#s7}
=============================================================

Glucose disorders are prevalent in treated HIV-infection ([@B71], [@B72]). Studies that have reported the association between incident glucose disorders and weight gain in treated HIV-infection are summarised in Table [1](#T1){ref-type="table"}. A recent meta-analysis ([@B13]) of 44 studies of cART-recipients published between 2000 and 2017 showed pooled incidence rates for pre-diabetes and diabetes of 125/1000 and 13.7/1000 person-years of follow-up (PYFU), respectively. Substantial incidence heterogeneity was evident between studies, likely due to differences in participant demographics, cART regimens and duration, and diagnostic criteria for diabetes. However, many of these studies likely underestimated diabetes incidence, for various reasons. For example, HbA1c may underestimate glycaemia in treated HIV-infection due to cART effects on erythrocyte dynamics and haemolysis, which reduce the erythrocyte life span, thereby lowering HbA1c ([@B73]). A second factor is the lack of generalised use of the diagnostic 75 g OGTT which will often detect diabetes missed by fasting glucose ([@B66]) and/or HbA1c measurements ([@B74]) in cART-recipients. A recent study found that the 75 g OGTT identified an extra case burden of 54% of pre-diabetes and 11% of diabetes cases missed by fasting plasma glucose measurements ([@B66]). A further study has confirmed the utility of the OGTT which diagnosed 5.9% of diabetes cases in 220 cART-recipients, compared to 3.2% using fasting glucose and no cases with HbA1c ([@B75]).

Risk factors for diabetes in treated HIV-infection include traditional risk factors such as older age, family history, overweight/obesity, central obesity, and specific cART-related factors, including lipodystrophy, and dyslipidaemia ([@B13]). Elevated serum triglycerides and lipodystrophy were independent predictors for incident diabetes in a large cohort of 16,632 people living with HIV-infection from the D:A:D study ([@B76]). HIV-infection itself can contribute to insulin resistance and diabetes risk through lipodystrophy, systemic inflammation and interference with adipokine signalling ([@B72], [@B77], [@B78]). Certain cART exposures have been reported to be associated with increased diabetes risk, including the PIs indinavir, ritonavir, atazanavir, the NRTIs zidovudine, didanosine, lamuvidine, stavudine, and the NNRTIs efavirenz and nevirapine. However, results from studies included in the recent meta-analysis have been conflicting ([@B13]). Detailed description of the mechanisms implicated between cART and impairments in both insulin sensitivity and secretion are outside the scope of this review, however interested readers are referred to an elegant and detailed review ([@B79]). Briefly, DNA polymerase-γ, the enzyme responsible for mitochondrial DNA replication, is inhibited by NRTIs, leading to mitochondrial DNA and enzyme depletion and mitochondrial dysfunction ([@B80]). NRTIs also reduce expression of adipose mitochondrial RNA and nuclear genes involved in lipid metabolism which can result in fat deposition, insulin resistance and interference with glucose uptake in skeletal muscle ([@B15]). Further, PIs inhibit peripheral insulin-mediated glucose uptake ([@B81]--[@B83]) by non-competitive inhibition of the insulin-responsive glucose transporter GLUT-4 ([@B84], [@B85]). HIV-infection- and cART-related factors contributing to insulin resistance and diabetes in people living with HIV-infection have been documented in further detail elsewhere ([@B71], [@B72], [@B77], [@B78]).

Three studies, all published in the last 3 years, have reported on the association of interval weight gain during HIV treatment and risk of incident glucose disorders. The St Vincent\'s HIV and Diabetes Study observed a cohort of 104 men with treated HIV-infection for up to 18 years (mean 11 years) ([@B66]). At baseline, the cohort had a mean age of approximately 43 years, BMI 24.3 kg/m^2^, and HIV-infection duration of 8.4 years ([@B66]). A large proportion had lipodystrophy, reflecting exposure to earlier antiretroviral medications. All participants were non-obese. Pre-diabetes was defined as two fasting plasma glucose concentrations of 5.6--6.9 mmol/L and/or 2-h plasma glucose 7.8--11.0 mmol/L following an OGTT. Overt diabetes was defined as two fasting plasma glucose concentrations ≥7.0 mmol/L and/or 2-h plasma glucose ≥11.1 mmol/L after an OGTT, or physician-diagnosed diabetes during follow-up. Men with incident glucose disorders had similar baseline mean BMI to men who did not (24.4 ± 2.7 kg/m^2^ vs. 24.3 ± 2.4 kg/m^2^). In a subgroup of 58 men, longitudinal measures of total body and central abdominal fat using dual-energy X-ray absorptiometry (DEXA) revealed a positive association between incident glucose disorders and central abdominal fat gain at both 12 months and 2--4 years ([@B66]). Alternatively, no association was found with interval change in BMI, weight or total body fat. In multivariate cox-regression analyses, 12-month abdominal fat gain was independently associated with a 2.65-fold increased risk of incident glucose disorders in the long-term, whereas 2--4 years abdominal fat gain carried a 3.16-fold increased risk. This study highlighted that even modest abdominal fat gain within the normal-range of BMI appears to increase risk of developing pre-diabetes and diabetes in men living with treated HIV-infection, an association which may not be appreciated by measuring BMI or weight alone.

The second study, using data from the Veterans Aging Cohort Study (VACS) ([@B67]), examined whether weight gained during the first year after cART-initiation was associated with incident diabetes and if this association was similar in HIV-uninfected, demographically matched controls. Incident diabetes was defined as an HbA1c value ≥6.5%. Weight gain exceeding 2.3 kg following cART-initiation occurred more commonly and to a greater degree in the cohort with treated HIV-infection (47.8% with median weight gain of 2 kg) compared to controls (31.4% with median weight gain of 0.5 kg). Both groups showed a positive and linear association between weight gain ≥2.3 kg and incident diabetes with a steeper slope of association in people living with HIV-infection. For every 2.3 kg of weight gained, cART-recipients had a 14% increased risk of diabetes compared to an 8% increase in controls. This study demonstrated three key factors: (i) weight gain was common following cART-initiation; (ii) even modest weight gain in cART-recipients increased risk of incident diabetes; and (iii) weight gain in cART-recipients conferred greater risk of diabetes than in the HIV-uninfected population.

The third study, the D:A:D cohort study ([@B34]), assessed impact of BMI gain 52 weeks post-cART-initiation on incident diabetes risk. Diabetes was ascertained by either two fasting glucose concentrations \>7.0 mmol/L, HbA1c \>6.5%, random glucose \>11.1 mmol/L with symptoms of hyperglycaemia, 2-h glucose concentration \>11.1 mmol/L following an OGTT, or use of anti-diabetic medication. Incidence rates (/1000 PYFU) for diabetes by baseline BMI category were 2.04 in the initially underweight, 2.01 in the normal-weight, 4.05 in the overweight and 9.97 in the obese. In fully adjusted models, each 1.0 kg/m^2^ gain in BMI was associated with a 12% increased risk of incident diabetes, and the highest quartile of BMI gain was associated with a 2.6-fold increased risk of incident diabetes, regardless of the pre-cART BMI category.

The VACS ([@B67]) and D:A:D ([@B34]) studies used measures of weight and BMI, respectively to describe changes in body weight, whereas the St Vincent\'s HIV and Diabetes Study ([@B66]) also utilised direct measures of abdominal fat and body fat distribution. However, when considered together, the existing data suggest that gains in adiposity on cART, increase the risk of incident glucose disorders (Table [1](#T1){ref-type="table"}). Further detailed studies are awaited.

The impact of weight gain on CVD risk in CART-recipients {#s8}
========================================================

Whilst the introduction of cART has been associated with dramatically reduced all-cause mortality and AIDS-related death rates in people living with HIV-infection ([@B86]--[@B91]), rates of CVD ([@B92], [@B93]) and the proportion of deaths related to CVD have been rising in people living with treated HIV-infection ([@B86], [@B94]). It is important to consider that reports of increased incidence of diabetes and CVD in treated HIV-infection were published even prior to today\'s obesity epidemic ([@B71], [@B72], [@B95]). In part, this may be attributed to longer life expectancy and thus increased exposure to age-related CVD risk factors such as lifestyle factors, weight gain, overweight/obesity, hypertension, dyslipidaemia and diabetes. The D:A:D study group assessed 33,347 people living with HIV-infection with a total 160,000 PYFU and confirmed advanced age, prior CVD history, cigarette smoking, dyslipidaemia, lipodystrophy, and diabetes were all risk factors for CVD in HIV-infection in a duration-dependent manner ([@B96]).

Several large-scale analyses have also demonstrated that people living with HIV-infection are at higher risk for incident CVD events than those without, with incidence risk ratios ranging between 1.50 and 2.45 ([@B97]--[@B101]) after adjusting for age and sex and 1.21--1.93 ([@B97], [@B100]--[@B102]) after controlling for traditional CVD risk factors. Two studies have shown that the increased relative CVD risk among people living with HIV-infection compared to the general population is even greater in women than in men: 2.98- vs. 1.40-fold with CVD-risk factor adjustment ([@B97]) and 2.7- vs. 1.4-fold in demographically adjusted analyses ([@B98]), respectively. Further, when compared within age groups, people living with treated HIV-infection aged 18--44 years have higher relative CVD risk compared to non-infected controls than in the 45 years or older age bracket ([@B98], [@B102], [@B103]). Some cART-treated populations may also possess a higher CVD risk profile since higher prevalence rates of cigarette smoking and dyslipidaemia have been described, as well as, higher CVD rates than their non-infected peers, even when leaner ([@B104], [@B105]).

The studies reporting CVD during HIV treatment must be viewed carefully, however, as there is some potential for bias: in some populations, people living with HIV-infection have more frequent contact with the health system and may have more opportunity for screening and CVD diagnosis. Nevertheless, the above studies are consistent with increased CVD risk in people living with treated HIV-infection, relative to the general population. This risk appears to be even greater in younger and female populations and is not fully explained by traditional CVD risk factors, suggestive that HIV-infection or cART-related factors may be involved. Potential HIV-specific mechanisms include HIV disease progression ([@B106], [@B107]), inflammation and altered coagulation ([@B108]), impaired arterial elasticity ([@B109]), and endothelial dysfunction ([@B110]). HIV itself also increases risk of atherosclerosis by several mechanisms contributing to dyslipidaemia, lipodystrophy and hence diabetes including interference with cholesterol transport in human macrophages and stimulation of pro-inflammatory cytokine release, e.g., TNFα which impairs free fatty acid metabolism and lipolysis ([@B36]). Further, cART-related side effects previously mentioned including lipodystrophy and insulin resistance contribute to increased diabetes and CVD risk ([@B12]--[@B15]). CART contributes to dyslipidaemia by interfering with hydrolysis of lipase and triglyceride-rich lipoproteins, post-prandial free fatty acid and lipoprotein catabolism and peripheral fatty acid uptake ([@B36]). Cumulative PI exposure (indinavir, ritonavir, lopinavir) has been shown to be an independent CVD risk factor, whereas NRTI-related CVD risk may be dependent on traditional risk factors ([@B111]--[@B113]). PIs have historically been most associated with the greatest disturbances in lipid metabolism, with implicated mechanisms including direct binding with lipid metabolism proteins such as CRABP1 (which promotes peripheral lipoatrophy) and low-density lipoprotein-receptor-related protein type 1 (thereby increasing plasma triglyceride-rich lipoproteins) ([@B36]). Interested readers are referred to a detailed review of mechanisms whereby cART induces dyslipidaemia ([@B36]).

Excess adiposity has also been shown to be a risk factor for CVD in people living with treated HIV-infection, whether measured by elevated waist-hip ratio or BMI ([@B114]--[@B116]), and is associated with CVD risk factors such as diabetes, hypertension and dyslipidaemia ([@B13], [@B117]). Despite this elevated risk, only one study has examined the relationship between longitudinal weight gain during HIV treatment and subsequent risk of CVD ([@B34]). The D:A:D study reported the impact of BMI gain 52 weeks post-cART-initiation in cART-naïve individuals on the risk of incident CVD ([@B34]). An incident CVD event was defined as one or more of myocardial infarction, sudden cardiac death, an invasive coronary procedure or stroke. The heterogeneous, time-updated D:A:D cohort consists of \>49,000 people living with HIV-infection from the US, several European countries and Australia; generalisable to a modern, well-resourced, cART-treated population. Characteristics at enrolment in this subset included mean age 39.6 years, 75.2% men, 33.7% white, and median BMI 23 kg/m^2^. More than 40% smoked, 2.2% had diabetes, the median CD4^+^ count was 254 cells/μL and 12.1% had a prior AIDS-defining event. This analysis investigated 9,321 people with a median follow-up of 5.3 years and found a CVD event incidence rate of 2.21/1000 PYFU. The analyses showed differing associations between BMI gain after cART-initiation and incident CVD risk, based on the pre-cART BMI. At baseline, 6.1% of participants were underweight, 64.3% normal-weight, 23.2% overweight and 6.3% obese. Participants with normal pre-cART BMI experienced 18--20% increased relative risk of CVD per 1.0 kg/m^2^ BMI gain, which was slightly attenuated after adjusting for traditional cardiovascular risk factors. In contrast, in participants who were underweight pre-cART, the relative risk of incident CVD for every 1.0 kg/m^2^ BMI gain was reduced by 10%. Interestingly, participants who were overweight or obese pre-cART did not show any change in CVD risk with every 1.0 kg/m^2^ BMI gain. This somewhat paradoxical finding may be explained by the lower number of individuals who were overweight and obese pre-cART compared to those who were normal-weight. Nevertheless, this study supports that short-term BMI gain following cART-initiation in normal-weight individuals with HIV-infection is a modest, independent risk factor for incident CVD.

Although only one study has examined the relationship between weight gain during cART and subsequent CVD risk ([@B34]), previously mentioned studies have shown that rising adiposity increases diabetes risk ([@B34], [@B66], [@B67]), which is a known risk factor for CVD in HIV-infection ([@B96]). Further studies are warranted in assessing risk of incident CVD with weight gain during HIV treatment, based on pre-cART weight, particularly when using contemporary cART regimens.

The impact of weight gain on mortality risk in CART-recipients {#s9}
==============================================================

Obesity and weight gain are associated with increased risk of all-cause mortality in the general population ([@B53]--[@B55]). It is unclear whether this translates to people living with HIV-infection however, given that greater weight during HIV treatment has been associated with better disease outcomes and survival ([@B27], [@B58]--[@B65]) and weight loss has been described as a predictor of mortality ([@B118]--[@B120]). These apparent paradoxes may be clarified by dissecting out the influences of being underweight or cachectic, the influence of weight status *per se* (rather than absolute weight gain) and considering the timing of cART-initiation in the natural history of HIV-infection and AIDS.

A number of large-scale studies in resource-limited settings, where cART has historically been commenced much later, malnourishment rates are much higher and nutritional status might be considered insecure, have shown that short-term weight gain after initiating cART has a beneficial impact on early mortality in HIV treatment ([@B68]--[@B70]) (Table [1](#T1){ref-type="table"}). For example, in the 39.3% who were initially underweight (BMI \< 18.5 kg/m^2^) in a large study from Kenya and Cambodia, weight gain exceeding 10% at 3- and 6-months following cART-initiation was associated with reduced mortality compared to lesser weight gain or weight loss ([@B68]). However, weight gain in groups with baseline BMI \> 18.5 kg/m^2^ had no association with mortality. In a large Tanzanian cohort (*n* = 3,389), weight loss 1-month post-cART-initiation was associated with increased mortality risk compared to those who gained weight across all baseline BMI categories, but more so in those 26.9% initially underweight ([@B69]). In a Zambian cohort (*n* = 27,915, 29.5% underweight at baseline), there was a linear association between weight gain and survival, which was stronger the lower the baseline BMI category ([@B70]). The greatest survival benefit was achieved by those initially underweight who gained ≥10 kg or ≥20% weight at 6-months post-cART-initiation. These studies suggest that a "*return to health"* weight gain has beneficial effects on survival, particularly in the underweight, during HIV treatment in the resource-limited setting, where HIV-associated wasting is more prevalent and cART-initiation typically later in the natural history of HIV-infection.

A survival benefit with weight gain has also been observed in well-resourced settings, again driven by what appears to be a "*return to health*" weight gain in the underweight. Analyses from the VACS study (*n* = 4,311 from a broader cohort of \>40,000 US armed forces veterans with HIV-infection) found that weight gain 12 months after cART-initiation was associated with mortality benefits in those initially underweight ([@B17]). Characteristics specific to this cohort were: predominantly male (97%), African-American (54%) and older (mean age 47.9 years). In contrast to the above studies from resource-limited settings ([@B68]--[@B70]), only 5.7% were underweight at baseline, while 51.6% were normal-weight, 30.2% overweight and 12.5% obese. Importantly, those who were underweight and normal-weight at baseline had more advanced disease severity than the remainder of the cohort. Most participants had weight gain \>2.3 kg, with a median weight gain of 2.7 kg. Baseline factors associated with weight gain exceeding 4.5 kg included being underweight (OR 1.69), having CD4^+^ count \< 100 cells/μL (OR 2.63) and serum haemoglobin \< 12 g/dL (OR 2.57), all markers of more advanced illness. PI-based regimens were also modestly associated with greater weight gain (OR 1.3) when taken as a continuous variable. Individuals initially underweight gained disproportionately greater weight: median 7.3 kg, compared to normal-weight (3.2 kg), overweight (1.8 kg), and obese (0.9 kg) participants. Weight gain exceeding 4.5--13.6 kg conferred survival benefit in those initially underweight or normal-weight with no association found in those initially overweight or obese, after adusting for baseline disease severity. Conversely, weight loss exceeding 2.3 kg in the 12 months post-cART-initiation was associated with an increased 5-year mortality risk across all baseline BMI ranges, including in the overweight (HR 1.70) and obese (HR 2.63). In interpreting these results, it is necessary to consider that the effects of obesity and weight gain on mortality are often delayed and strengthen over time ([@B121]) and thus the follow-up period of 5 years may be insufficient to adequately assess overall impact of weight gain on mortality. Further, the unique characteristics of the VACS cohort limit the ability to extrapolate these findings to broader groups of people and women living with HIV-infection, who represented only 3% of the study population, especially since women have been shown to gain more weight following cART-initiation than males ([@B30]). Finally, the study did not examine for potential effects of social determinants of health on the relationship between weight change and mortality risk.

Thus, the aforementioned studies ([@B17], [@B68]--[@B70]) demonstrated beneficial associations of weight gain in the unwell and underweight commencing cART. This needs to be distinguished from the well-known adverse effects of obesity in the general population ([@B122]). Several studies in aging populations with chronic disease such as hypertension, heart failure, CVD, diabetes and emphysema have similarly demonstrated an inverse association between excess adiposity (based on BMI) and mortality risk ([@B17], [@B122]--[@B125]). Further, studies in people living with HIV-infection have demonstrated that higher BMI is associated with higher CD4^+^ cell count, lower HIV viral load, reduced risk of opportunistic infections, slower progression to AIDS and reduced mortality ([@B27], [@B58]--[@B65]), and that weight loss is associated with accelerated disease progression contributing to increased mortality ([@B118], [@B120]). These studies support the notion that weight status and weight gain (or loss) should not be considered as continuums, but that the outcomes may vary depending on the stage or severity of HIV-infection and pre-cART weight status. Further, the association between higher BMI and desirable HIV-associated outcomes could be explained by differences in social determinants of health, including earlier, and greater access to cART and general health care, healthier nutrition and higher levels of education, employment, income, and social status. For example, African-American ethnicity ([@B27], [@B58], [@B60]) and illicit drug use ([@B27], [@B58], [@B61], [@B65]) have been associated with lower BMI in HIV-infected populations, whereas no association has been found between higher BMI and education level ([@B27], [@B61]) or employment vs. unemployment ([@B65]). Analyses according to income level have produced conflicting results in this regard ([@B27], [@B65]).

The few studies supporting survival benefits of weight gain during HIV treatment ([@B17], [@B68]--[@B70]) have not, however, established a cause-effect relationship. Therefore, it is unclear whether weight gain itself provides survival benefits or is simply a reflection of better social determinants of health outcomes or a manifestation of a "*return to health"* phenomenon ([@B16]), as described earlier.

Increased adipose tissue stores may be protective in people receiving treatment for HIV-infection by providing surplus energy and nutritional reserves to help preserve immune function ([@B60]) and/or to survive an acute infection or illness. During HIV-infection and AIDS-related opportunistic infections, hyper-metabolism and anorexia can deplete nutrient stores, which are associated with higher risk of opportunistic infections, disease progression and mortality in cART-recipients ([@B126]). However, studies assessing a relationship between weight gain during HIV treatment and mortality in the context of nutritional and immunological status are lacking.

A different association between adiposity and mortality during HIV treatment appears to emerge based on adipose tissue distribution, specifically central obesity. For example, greater central adiposity and reduced muscle mass have been independently associated with increased 5-year mortality in people living with HIV-infection ([@B127]). In a cohort of 922 HIV-infected participants with measures of body fat and muscle mass using magnetic resonance imaging (MRI), 5-year mortality risk was reduced in those in the highest tertile of arm skeletal muscle (OR 0.51) and leg skeletal muscle (OR 0.42). In contrast, 5-year mortality risk was increased in those in the highest tertile of central adipose tissue mass (OR 2.12) ([@B127]). Increased waist circumference was also independently associated with increased mortality risk. BMI was increased by central adiposity and decreased by muscle wasting, both factors that increased mortality risk in this HIV-infected population, demonstrating the limitations of BMI and total body weight measures as risk factors for mortality in this population.

Conclusion {#s10}
==========

The introduction of cART and more effective and earlier management strategies in the treatment of HIV/AIDS has caused a shift away from weight loss and wasting observed in the early history of HIV-infection, to weight gain, overweight and obesity in people living with HIV-infection at rates now mirroring those seen in the general population ([@B16], [@B20]--[@B22]).

Abdominal fat gain ([@B66]), weight gain ([@B67]), and rising BMI ([@B34]) in the short-term during HIV treatment has been shown to increase the risk of incident glucose disorders. Rising BMI is associated with increased incidence of CVD, however the relationship is dependent on pre-cART BMI category ([@B34]). Early weight gain after cART-initiation is associated with short-term survival benefit, especially in those initially underweight ([@B17], [@B68]--[@B70]), consistent with the health benefits of resolving a catabolic viral illness.

The rising use of cART in the aim of eradicating AIDS and the global obesity epidemic will intersect and likely accelerate the growing issues of weight gain, obesity, diabetes and CVD in people living with treated HIV-infection in coming years. These factors need to be distinguished from the important restoration of body nutrient stores in the "*return to health*" following cART-initiation. The latter may become less prevalent as initiatives to commence cART at diagnosis become generalised worldwide and fewer people experience the wasting effects of advanced HIV-infection and AIDS prior to cART-initiation.

There are insufficient data to reliably guide decision-making for clinicians regarding patient advice for weight gain, loss, and maintenance during HIV treatment. Research is needed to further characterise the relationship between weight gain during HIV treatment and subsequent risk of diabetes, CVD and mortality. This field requires comprehensive, large-scale studies focusing on various markers of change in body mass (including BMI and total body weight) and fat distribution where possible (including body composition measures e.g., DEXA or MRI, as well, as waist-hip ratio and waist circumference). Body fat distribution should be evaluated as weight and BMI do not accurately estimate visceral or abdominal adiposity, or differentiate between fat and lean body mass. Further, weight loss due to primarily muscle mass loss may, for example, portend a different health trajectory to reduction in visceral adiposity. Studies focusing on diabetes incidence need to utilise more robust diagnostic methods targeted towards people living with HIV-infection, by ensuring the 75 g OGTT is included in the diagnostic criteria. Further, impacts of weight gain and obesity on mortality are predominantly felt in the long-term ([@B121]), therefore studies evaluating the relationship between weight gain and mortality must follow patients for a longer period. Optimally, studies would also examine the role of social determinants of health in the relationship between weight gain and better HIV disease-related outcomes.

Clinicians are encouraged to address overweight and obesity as part of cardiometabolic care for people living with HIV-infection, as they would for any individual with increased cardiometabolic risk. Future observational studies reporting the impact of weight excess on cardiometabolic disease and mortality in treated HIV-infection are awaited.
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